INTRODUCTION

Drosophila melanogaster
is a domestic species carrying many inversions in the second and third chromosomes when the salivary gland chromosomes of wild caught flies were tested.
Most cosmopolitan inversions are believed to have arisen in a single fly (uniorigin) in the evolutionary past, since the inversions with the same breakpoint are often distributed world-wide and increase in each population to some polymorphic level. However, we know of no such populations with a given inversion fixed instead of mixed with standard chromosomes. A heterotic balancing selection where the inversion heterozygote is superior in fitness to both corresponding homozygotes offers an explanation to the above phenomenon (Dobzhansky 1970) . A pioneering study on the inversion polymorphism in Japanese natural populations has been done by Oshima et al. (1964) and Watanabe (1967) . They described thirteen inversions found in some populations of Middle Japan in the early sixties. Some of these inversions still survive, while others are already eliminated from the same natural populations.
Recently several population studies of inversions of this species have been reported (Yang and Kojima 1972; Mukai and Yamaguchi 1974; Ashburner and Lemeunier 1976; Stalker 1976; Choi 1977; Mettler et al. 1977) . They can be generally summarized as follows; (1) the standard chromosomes are most frequent in many populations, (2) among various types of inversions single paracentric inversions on the major autosomes constitute the overwhelming majority with only a few X chromosome or pericentric inversions, (3) six to seven common inversions are almost always found world-wide, (4) north-south clines, with increasing frequencies of inversions toward the south, are found in the U.S, populations.
The purpose of this paper is to describe the inversion polymorphism of the recent Japanese natural populations to compare it with the data of the past and of the other populations outside Japan. Possible mechanisms for the maintenance of inversions in populations are discussed based on the karyotypes of individuals.
Finally there is speculation on the evolutionary changes with respect to the constitutions of four common inversions located in four different autosome arms.
MATERIALS AND METHODS
Wild flies were collected with a net in the following localities in September or October: (1) Sapporo, Hokkaido, 1977 , (2) Akayu, Yamagata, 1977 (3) Shiojiri, Nagano, 1977; (4) Katsunuma, Yamanashi, 1975 , 1976 , 1977 (5) Ishigaki, Okinawa, 1976. (1) was near a brewery, (2)'-'(4) were near wineries and (5) was near a pineapple field. In these five populations we can easily collect many D, melanogaster within a few minutes.
Wild flies were also collected from traps containing banana baits in the following localities in October or November:
(6) Shukugawa, Hyogo, 1977; (7) Ozu, Ehime, 1977; (8) Izumi, Kagoshima, 1977; (9) Atami, Shizuoka 1975; (10) Ito, Shizuoka, 1975; (11) Atagawa, Shizuoka, 1975; (12) Inatori, Shizuoka, 1975; (13) Shimoda, Shizuoka, 1975; (14) Yugashima, Shizuoka, 1975 . Traps were placed near human habitations for a week before the collection.
Females inseminated in nature were individually kept in vials to produce iso-female lines for the samples obtained from localities (1) through (8). One F1 larva from each iso-female line was examined for the salivary gland chromosomes.
On the other hand, males and females each obtained from localities (9) through (14) were kept together to make mass stocks for each population.
After several generations in mass cultures, forty larvae from each stock were examined for salivary gland chromosomes.
Consequently, the inversion frequencies did not reflect their natural constitutions, but gave rather rough estimates of their presence or absence in nature.
The frequency of inversion in natural populations was calculated per chromosome arm.
For the preparation of the salivary gland chromosomes, third instar larvae were dissected and stained in lactic-acetic-orcein.
Squashed slides were read with a phasecontrast microscope by comparison to the standard map of Bridges (1935) . Mettler et al. (1977) categorized the type of inversions in natural populations of D, melanogaster as follows; common cosmopolitans, rare cosmopolitans, recurrent endemics, and unique endemics.
RESULTS
Descriptions of inversions
In the present study, we used the above categories but with the following modifications.
Common cosmopolitan inversions are the most frequent world-wide inversions on every major autosomal arm. Rare cosmopolitan inversions are less frequent than the above but are also world-wide in distribution. Recurrent endemic inversions are fairly frequent and widespread inversions found only in Japan. Unique endemic inversions are usually observed in a single individual or its brood from a single population, and never found in a different population.
The nomenclature of already-known inversions is that of Lindsley and Grell (1968) This has been found in many places of Japan; Suyama, Kofu, and western Japan (Watanabe and Nishida 1971) and Odate (Tobari 1965) . It was categorized as rare endemics by Mettler et al. (1977) and by Ashburner and Lemeunier (1976) , but probably the same inversion was found in Greece (Zacharopoulou 1974 ) and in U.S.A. (Stalker 1976) . See Table 1. 7. In (2 L) W, 28 C; 32 C, paracentric, recurrent endemic inversion. This is firstly recorded in this paper and will be discussed later.
See Table 1. 8. In (2 R), 42 E; 47 C, paracentric, unique endemic inversion found in Ozu population of 1977.
9. In (2 R), 51 B; 59 E, paracentric, unique endemic inversion found in Ozu population of 1977. 10. In (2 R)NS, 52 A 2-53 B 1; 56 F 9-13, paracentric, common cosmopolitan inversion. This is proved to be the same as In(2R)C (Watanabe 1967) by the examination of the hybrid chromosome.
See Table 1 . 11. In (3L) P, 63 C; 72 E 1-2, paracentric, common cosmopolitan inversion. This is probably the same as In (3L) E (Watanabe 1967 14. In (3L) M, 66D; 71D, paracentric, rare cosmopolitan inversion. This is probably the same as In (3L) F (Watanabe 1967) , and has been found in Kofu, Katsunuma and many places of western Japan (Watanabe et al. 1974 ) and Odate (Tobari 1965 One pericentric inversion in the third chromosome and two paracentric inversions in the X chromosome were found.
Each was detected in a single individual of a different population.
Among twenty-four autosomal paracentric inversions, five were on the left arm (2L) and three were on the right arm (2R) of the second chromosome, and six were on the left arm (3L) and ten were on the right arm (3R) of the third chromosome.
The number of 3R inversions was somewhat higher than that of other autosomal inversions, because many (seven) of the unique endemic inversions were found there.
Inversions other than unique endemics might be called polymorphic; they were distributed rather randomly in each autosome arm; three in 2L(t, A, W), one in 2R(NS), three in 3L (P, M, Y) and three in 3R(P, C, Mo).
Frequencies of inversions
The inversion frequencies found in various Japanese populations are given in Table  1 . These frequencies were generally higher in populations collected by net. Four common cosmopolitan inversions (2Lt, 2RNS, 3LP, 3RP) and two rare cosmopolitan inversions (3RC, 3RMo) were maintained in these populations. For the sake of simplicity, In (2Lt) was abbreviated as 2Lt. The same thing was done for the other inversions. These polymorphic inversions together with other polymorphic inversions such as 2LA and 3LM (rare cosmopolitans) or 2L W and 3LY (recurrent endemics) have been found even in populations collected by traps and in stocks.
No inversion-free population, therefore, could be found in this study. Populations and stocks carried more or less polymorphic inversions in addition to some unique inversions.
Populations collected by net maintained a large number of common cosmopolitan inversions.
The Ishigaki population was an outstanding example in its strikingly high frequencies of every common cosmopolitan inversion compared with other Japanese populations. About a half of the autosome arms carried inversions. More particularly, 75% of the 3R arms carried In(3R)P.
The high frequency of inversions in the Ishigaki population has been reported by Watanabe and Yamazaki (1976) and Watanabe and Watanabe (1977) for the second chromosomes sampled in 1970, 1973 and 1974 . The Shiojiri population was unbalanced in the frequencies of 2Lt compared to the four common cosmopolitan inversions, since it was only 2.5% while 2RNS and 3RP were fairly frequent at 17.5% and 28.3% respectively.
The frequencies of common cosmopolitan inversions are generally higher in the south, e.g., the Ishigaki (5), than in the north, e.g., the Sapporo (1) and Akayu (2), as were found in the east coast populations of the U.S.A, by Mettler et al. (1977) . This was remarkable for the 3RP inversion where it was only 5'-.'6.7% in the Sapporo and Akayu but 75% in the Ishigaki. However, the north-south cline of inversion frequency should ideally be examined between the populations having similar ecological niches and population sizes, since the Ozu (7) and Izumi (8) are located further south than the mainland collection sites (1~ 4) but they carry scarcely any inversions.
Distributions of inversions among individuals
Polymorphic inversions carried by individuals in five populations (1'-'5) were analyzed. Table 2 shows the combinations of inversions in each chromosome arm. ST indicates the standard sequence chromosome arm. If there are two or more kinds of inversions within arms (e.g., 3R), the genotype of ST/In includes the heterozygotes for different inversions (In/In') in addition to the standard and inversion heterozygotes (ST/In).
Among 20 (5 populations x 4 arms) sets of examination of randomness (Hardy-Weinberg expectation) in the heterozygous combination, 17 were not deviated from the expectations but the remaining 3 were significantly deviated : 2L of the Akayu and Ishigaki, 3L of the Ishigaki population.
They were, without exception, characterized by an excess of homozygotes.
This result suggests that the superiority of inversion heterozygotes in viability is not a general rule at least in the chromosome arm level.
If the excess of homozygotes comes from the adaptive significance of inversions in population, the association of inversions between chromosome arms or different chromosomes must be considered, since natural selection acts on individuals carrying inversions in various states.
The associations of linked chromosome arms, each arm of which is carrying either homo-or hetero-sequence type, were examined for the second (Table 3 ) and third (Table 4) chromosomes.
Although there existed somewhat excess of homo-homo associations (e.g., the second chromosome of Ishigaki and the third chromosome of Sapporo), deviation from the random associations was not a general rule in these populations for the both chromosomes.
The associations of two major autosomes, each chromosome of which is carrying either homo-or hetero-sequence type, are shown in Table 5 . No significant deviations from the randomness were detected.
Finally, the number of heterozygous arms (loops) in individuals was examined for each population. Table 6 shows the result. The number of loops carried by individuals was not deviated from the expectation of random combinations of chromosome variations in population.
Thus, many inversions are maintained in population rather randomly. The excess of homozygotes shown in Table 2 might be due to some errors in sampling.
Evolutionary changes of inversion frequencies
The Katsunuma population has been surveyed by Oshima et al. (1964 ), Watanabe (1967 and . The frequency of the second chromosome inversions has decreased to one half since 1969. Although their birth places were unknown, they were already spread over the eastern Japan (Table 1 ). In the Shiojiri population the old inversion, 2Lt, was overwhelmed with the new 2L W, and in the Katsunuma population the old 3LP has been overwhelmed with the new 3LY in these two years.
In the Katsunuma population the average frequency of polymorphic inversions per major autosome arm was about 25% in the sixties and about 15% in the seventies.
Simultaneous
reductions in the frequencies of several inversions suggest that natural selection was acting against these inversions in similar way and it became stronger in the seventies.
If so, inversions 3RP, 2L W and 3L Y may have different adaptive strategies from the other polymorphic inversions, since they have survived rather constantly or more adaptively for these years.
Population specific orders of some inversion frequencies
The reduction of inversion frequencies observed in the Katsunuma population has changed the relative abundance of some inversions among the four major autosome arms. For instance, the order in frequency among the four common cosmopolitan inversions was 2Lt> 2RNS> 3RP> 3LP in the sixties, but it became 3RP> 2RNS>_ 2Lt> 3LP in the The 2Lt decreased so rapidly that its frequency became close to or somewhat less than the frequency of 2RNS whose decreasing rate was relatively small. This relative abundance of common cosmopolitan inversions within each population may be used for the comparison of population structure between different populations. In Table 8 are summarized the published and present data on the frequencies of common cosmopolitan inversions.
Natural populations of the United States, as pointed out by Stalker (1976) and Mettler et al. (1977) , showed clear north-south clines, higher toward the south, in every inversion.
The order of the relative abundance of inversions A recent survey of Korean population has also the same relation as 2RNS> 2L t (Choi 1977) . Although the frequencies of 2L t and 2RNS in the past are unknown for Korean and Shiojiri populations, it can be speculated as was 2Lt> 2RNS from the evolutionary change occurred in the Katsunuma.
DISCUSSION
Eight cosmopolitan inversions were found in the present study of Japanese natural populations of D. melanogaster. Among them four 'common cosmopolitans' (2Lt, 2RNS, 3LP, 3RP) and two 'rare cosmopolitans' (3RC, 3RMo) have often been found in Japan as well as in many populations outside Japan.
In addition, two 'rare cosmopolitans' (2LA, 3LM) were also distributed in wide area of Japan. The In (2L) A was categorized as an 'endemic' inversion to Japan (Ashburner and Lemeunier 1976, Mettler et al. 1977) . But its findings in Greece (Zacharopoulou 1974) and in the U.S.A. (Stalker 1976) , together with the wide distribution in Japan, lead us to conclude that 2LA is a `rare cosmopolitan' inversion.
On the contrary, In(3R)K (86F1-87A1; 96D-97A1) has been found in many places (Africa, Europe, U.S.A.) in the world as a 'cosmopolitan' inversion (Ashburner and Lemeunier 1976) . However, this has never been found in Asia (Watanabe 1967 , Choi 1977 . A decrease in the frequency of two 'cosmopolitan' inversions in the Katsunuma population developed two new inversions into "polymorphic " levels, since the decreases of 2Lt and 3LP corresponded to the increases of 2L W and 3LY in the Katsunuma. This evolutionary change seemed to have occurred also in the Shiojiri population where 2L W exceeded 2Lt. These new inversions now we denoted as 'recurrent endemics' are already spread over eastern Japan.
'Unique endemic' inversions have been detected in most populations of the present study. The origin of ` uniques' was suspected of some artifacts due to 'hybrid dysgenesis' (Mettler et al. 1977) . Yamaguchi and Mukai (1974) and Cardellino and Mukai (1975) have shown that a "mutator " which induced a unique inversion was frequently found in natural populations. Since the frequency of unique inversions in the present study was as high as the case of their mutator carrying chromosomes, the most Japanese populations may have the " mutator ". The polymorphic inversions are often maintained in natural populations by balanc-ing selection due to heterosis. Heterokaryotype superiority in some inversion of Drosophila melanogaster has been reported by several workers (Watanabe and Watanabe 1973, 1977; Nassar 1968; Stalker 1976) . However, the present study could not show any significant excess of the heterokaryotypes in populations (Table 2) . More ecological studies to understand the int€ raction between gE r_otype and the environment are needed to solve the problem.
Among the five populations collected by net, three (Akayu, Shiojiri, Katsunuma) were winery populations. Ecological niches were very similar and the distance, especially between the Shiojiri and Katsunuma, was as short as 120 km. However, the frequencies of the second chromosome inversions, especially those of 2Lt, were remarkably different between the two near and ecologically similar populations. Evolutionary change in the relative frequencies of four common cosmopolitan inversions was observed in the Katsunuma population.
The abundance order of inversion frequencies among four autosome arms was 2Lt> 2RNS). 3RP> 3LP in the past Japanese populations.
This order is maintained intact in the present North populations and with some modifications in the South population, 3RP> 2Lt> 2RNS> 31 P. However, the recent Katsunuma populations showed the order 3RP>2RNS>2Lt>3LP and the Shiojiri population showed a complete 3RP> 2RNS> 2L t> 3LP which is the same order found in the most U. S, populations except Texas.
Although we at present can not connect this evolutionary change with an appropriate ecological change in nature, it can be said that some populations of Middle Japan are in the process of evolutionary change.
